Abstract. Pancreatic cancer has the poorest prognosis among all human malignant solid tumors, mainly due to its high invasive and metastatic biological features. microRNAs (miRNAs) are a group of endogenous and small non-coding RNA molecules 18-25 nucleotides in length, functioning as either tumor-suppressor genes or oncogenes. Evidence has shown that regulation of miRNAs in pancreatic cancer is associated with tumor growth, invasion, metastasis and resistance to therapy. Over the last decade, many studies have also found that there is a close relationship between miRNAs and biological characteristics of pancreatic cancer invasion and metastasis, such as the presence of cancer stem cells, epithelial-mesenchymal transition (EMT) phenotype, DNA methylation or epigenetic alteration, and the activation of some specific signaling pathways. Therefore, better understanding of the complex role of miRNAs in the development and progression of pancreatic cancer metastasis may provide new insights that could be of therapeutic consequence. In this brief review, we discuss the literature concerning the correlation between miRNAs and pancreatic cancer, focusing on miRNAs that contribute to pancreatic cancer invasion and metastasis, particularly on cancer stem cell characteristics, the EMT process, epigenetic modifications and tumor-associated signaling pathways.
Introduction
Pancreatic cancer is the fourth most common cause of cancerrelated death with 43,140 new diagnoses and 36,800 deaths during 2010 in the US (1) . Surgical resection is currently the only curative option for pancreatic cancer, however, due to unusual biological property, high invasive ability and early metastatic feature, only ~15 to 20% of tumors can be surgically removed when diagnosed. Even after radical resection, recurrence and metastasis occur within 1-2 years in the majority of cases and the prognosis remains poor (2) . Therefore, there is a growing need to deeply understand the mechanisms of the invasive and metastatic profile of pancreatic cancer, which may ultimately lead to an improvement in the prognosis of this fatal disease. microRNAs (miRNAs) are a class of natural small noncoding RNAs that target protein-coding mRNAs at the post-transcriptional level (3, 4) . Wightman and coworkers discovered the first miRNA in Caenorhabditis elegants in 1993 (5) , and in 2000 the second miRNA, let-7, was found in the same species (6) . Abnormal expression of miRNAs is fundamental to the development and progression of various cancers based on their involvement in basic cellular functions. The link between miRNAs and cancer was firstly demonstrated in 2002 by Calin et al (7) , who found that miR-15 and miR-16 were involved in the pathogenesis of chronic lymphocytic leukemia. Subsequently, the critical role of miRNA in cancer initiation and progression has been reported in various cancers including pancreatic cancer (8) (9) (10) . It was also demonstrated that there is a significantly different miRNA expression profile in metastatic carcinomas compared to non-metastatic tumors, and these metastasis-related miRNAs also significantly correlate with the survival of patients (11) . Therefore, interference with the expression of these miRNAs may affect tumor metastasis and improve prognosis. In this review, we summarize several important miRNAs in pancreatic cancer progression, highlighting recent advances in elucidating the role of miRNAs in pancreatic cancer invasion and metastasis. 
microRNAs contribute to pancreatic cancer invasion and metastasis
The role of miRNAs in the development of tumor invasion and metastasis was not discovered until 2007. Ma et al (12) reported that miR-10b initiated breast cancer invasion and metastasis. Subsequently, the important role of miRNA in cancer invasion and metastasis in various human malignant tumors, including liver, prostate, lung and colorectal cancers has been reported (13) (14) (15) (16) (17) . In recent years, various miRNAs have also been found to play a significant role in pancreatic cancer invasion and metastasis. miR-21, which is strongly overexpressed in pancreatic cancer, has been proven to be an 'oncogene' miRNA and its high expression was found to contribute to poor overall survival and chemotherapy resistance (18, 19) . It has also been reported that miR-21 modulates pancreatic cancer cell growth and invasion. Pancreatic cancer cells transfected with miR-21 precursor were found to exhibit apparently increased cancer cell proliferation and invasion. Conversely, inhibition of miR-21 has an opposite outcome. Furthermore, the level of metastasis-related genes, matrix metalloproteinase-2 and -9, and vascular endothelial growth factor were positively correlated with miR-21 expression, suggesting that MMP-2, MMP-9 and VEGF are 'indirect' target genes of miR-21 (20) . miR-146a has been found to be silent in multiple human cancers, and restoration of its expression can reduce the metastatic potential of cancer cells through suppression of IRAK-1 and subsequent inhibition of NF-κB activity (15, 21, 22) , which is activated in a number of human cancers and involved in promoting tumor development, invasion and metastasis (23, 24) . In pancreatic cancer, miR-146a is also downregulated, and re-expression of miR-146a inhibits the invasive capacity of pancreatic cancer cells. Notably, a number of studies have indicated that the natural dietary compounds 3,3'-diindolylmethane (DIM) or isoflavone may upregulate miR-146a and inhibit cancer cell invasion. Further mechanistic analysis suggests that miR-146a regulates a set of genes and suppresses cancer cell invasion and migration through targeting EGFR and IRAK-1 (25) . Another study also revealed that miR-146b-5p was significantly downregulated in human pancreatic cancer cells, and overexpressed miR-146b-5p notably reduced the abilities of invasion and migration of MIAPaCa-2 pancreatic cancer cells by targeting MMP-16 (26) .
In addition, miR-27a is abnormally upregulated in pancreatic adenocarcinoma and inhibition of miR-27a was found to suppress the growth, colon formation and migration of pancreatic cancer cells by targeting Sprouty2, which is an antagonist of the RAS/MAPK signaling pathway in cancers (27) . More recently, Yu et al (28) reported that re-expression of miR-200c appeared to be associated with upregulation of E-cadherin, a gene known to be involved in inhibiting the invasion of pancreatic cancer cells. Wang et al (29) identified that miR-520h downregulated ABCG2 in pancreatic cancer cells to inhibit migration, invasion and side population, and indicated that it could be a potential therapeutical target for pancreatic cancer. Preis et al (30) found that miR-10b was overexpressed in pancreatic ductal adenocarcinoma tissues and lower levels of miR-10b were linked with improved response to neoadjuvant therapy, delayed time to metastasis and increased survival. Srivastava et al (31) reported that the level of miR-150 was significantly lower in pancreatic tumors compared with matched normal pancreas tissue. Furthermore, ectopic expression of miR-150 significantly inhibited pancreatic cancer cell invasion and migration as well as tumor growth by suppressing the MUC4 gene in vitro. Other miRNAs have also been reported to play an important role in pancreatic cancer cell invasion and migration, such as miR-17-5p, miR-29a and miR-20a (32-36). Results from these studies may provide an opportunity to carry out miRNA-based therapeutic intervention for pancreatic cancer metastasis (Table I) .
microRNAs and epithelial to mesenchymal transition
The epithelial to mesenchymal transition (EMT) is a process by which epithelial cells lose their polarity and are converted to a mesenchymal phenotype, which is regarded as a critical event in morphogenetic changes during embryonic development, wound healing and malignant tumor progression (37,38). This process is accompanied by detachment of cells from each other and subsequent increased cell movement and dissemination. Increasing evidence shows that aberrant activation of EMT is a trigger of malignant tumor invasion and metastasis in various human cancers (39) (40) (41) . The transcriptional repressor zinc-finger E-box binding homeobox 1 (ZEB1), a crucial inducer of EMT, was recently shown to promote cancer invasion and metastasis in vitro and in vivo (42) . (43) whereas ZEB1 was reported to directly suppress the transcription of two members of the miR-200a family (miR-200c and miR-141). Therefore, several researchers suggest that there is a feedforward loop between the miR-200 family and ZEB1, which promotes EMT and invasion in cancer cells (44) .
Notably, this feedforward loop also exists in pancreatic cancer. Wellner et al (45) reported that expression of miR200c and miR-203 is low in pancreatic cancer, while ZEB1 is overexpressed. In vitro, silencing of ZEB1 by RNA interference in PANC-1 and MIA-PaCa-2 cell lines resulted in an epithelial transition. In orthotopic xenograft models, injection of ZEB1-knockdown cell clones resulted in smaller primary tumors and less invasion and distant metastasis than the control group. In another study, the level of the miR-200 family was found to be significantly low in gemcitabine-resistant cancer cells, which showed a typical EMT characteristic, and re-expression of miR-200 could be essential for the reversal of the EMT phenotype, and thus inhibit cancer cell invasion and metastasis through increasing the epithelial marker E-cadherin expression and suppressing the expression of ZEB1, slug and vimentin. Furthermore, the natural agent B-DIM and isoflavone may also significantly upregulate the expression of let-7, which is known as a tumor-suppressor miRNA (46, 47) , consequently inhibiting pancreatic cancer progression by reversing EMT characteristics (48) (Fig. 1) .
In summary, the expression of various miRNAs may affect EMT characteristics, whereas the EMT process is necessary for the invasion and metastasis of pancreatic cancer. Therefore, identification of the aberrant expression of these miRNAs may provide insight concerning important mechanisms that contribute to pancreatic cancer development and progression.
microRNAs and cancer stem cells or tumor-initiating cells
Cancer stem cells (CSCs) or tumor-initiating cells are a small population of cells within a tumor that initiate proliferation, possess the capacity for self-renewal and ensure multilineage differentiation. The presence of CSCs is considered as the origination of various malignant biological behaviors in human cancers, especially involved in cancer cell migration, invasion and metastasis (49) . CSCs were initially discovered in myeloid leukemia cells by Bonnet and Dick (50) in 1997. Subsequently, the existence of CSCs was verified in various cancers, including breast, colorectal and brain cancer (51) (52) (53) . In 2007, a small subset of highly tumorigenic cancer cells with the cell surface markers CD44, CD24, epithelial-specific antigen (ESA) triplepositive expression, was found in human pancreatic cancer cells (54) , which was proven to possess the characteristics of CSCs. Meanwhile, a subpopulation of CD133 + , CXCR4
+ pancreatic cancer stem cells was verified and confirmed to be essential for tumor metastasis (55) . Furthermore, CD133
+ pancreatic cancer cells were also found to be related with increased cell proliferation, migration and invasion (56) . All of these findings indicate that the presence of CSCs is responsible for the high invasive and metastatic phenotype of pancreatic cancer.
As discussed above, there is a feedforward loop between the miR-200 family and ZEB1 that promotes EMT and invasion in pancreatic cancer cells. It has also been reported that MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; VEGF, vascular endothelial growth factor; EGFR, epidermal growth factor receptor; NF-κB, nuclear factor κ B; MTA-2, metastasis-associated protein 2; IRAK-1, interleukin 1 receptor associated kinase 1; MMP16, matrix metalloproteinase-16; Spry2, Sprouty2; ABCG2, breast cancer resistance protein; MUC4, mucin 4; Stat3, transcription proteins 3; ADAM9, disintegrin and metalloproteinase domain-containing protein 9; HMGA1, high mobility group A 1; KRAS, v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; nc, not clear. ZEB1 promotes EMT activation and maintains the stemness of cancer cells by suppressing the miR-200 family and miR-203, which is also known as a stemness-inhibiting miRNA, consequently promoting pancreatic cancer invasion and metastasis. In addition, the miR-200 family and miR-203 were found to suppress the expression of 'stem cell factors' such as Sox2, Kif4 and the polycomb repressor Bmi-1 in cancer cells (45) . These data suggest that the miR-200 family and miR-203 may prevent pancreatic cancer invasion and metastasis not only by reversion of epithelial to mesenchymal transition, but also by suppressing cancer stem cells.
DCAMKL-1, a microtubule-associated kinase expressed in post-mitotic neurons, is upregulated in human pancreatic cancer and was identified as a putative cancer stem cell marker (57) . Silencing of DCAMK-1 in pancreatic cancer cells resulted in suppression of snail, slug, twist and upregulation of miR-200a, which inhibits EMT by repressing the transcription factor ZEB1 and ZEB2 with subsequent rescue of E-cadherin, a marker of epithelial lineage. It was also suggested that DCAMKL-1 regulates epithelial-mesenchymal transition through a miR-200a-dependent mechanism, contributing to pancreatic cancer development, invasion and metastasis. In addition, it was found that DCAMKL-1 knockdown resulted in downregulation of c-Myc and KRAS through a let-7a miRNA-dependent mechanism, and inhibition of the Notch-1 pathway by upregulation of miR-144 (58). These results suggest that miRNAs may modulate tumor stem cell properties by regulating their target or related genes.
miR-34 was identified as a p53 target and a tumor-suppressor miRNA (59, 60) . It has been reported that miR-34 is involved in pancreatic cancer stem cell self-renewal and differentiation. In addition, restoration of miR-34 significantly inhibited the p53-mutant human pancreatic cancer cell growth and invasion and finally led to an 87% reduction in the CD133 + /CD44 + tumorinitiating cell population. Furthermore, miR-34 was found to inhibit its target genes Notch and Bcl-2, 'stem cell genes' to achieve a reduction in cancer stem cells (61) . A similar function of miR-34 has also been reported in gastric cancer (62) . In addition, it was reported that the curcumin analogue CDF may attenuate EZH2 and other cancer stem cell marker genes, such as Nanog, CD44 and EpCAM through upregulation of tumor-suppressive miRNAs (miR-26a, miR-101, miR-146a, miR-200b and c, let-7a, b, c and d), thus decreasing cell growth, clonogenicity, cell migration and the elimination of CSCs (63) .
It is possible that there is a unique miRNA signature responsible for the maintenance and enrichment of cancer stem cells. These stem cell-specific miRNAs may influence pancreatic cancer invasion and metastasis by regulating the 'stemness' and also may provide a potential therapeutic target for pancreatic cancer metastasis (Table II) .
microRNAs and tumor-associated signaling pathways
It is well known that various signaling pathways such as Notch, hedgehog and Wnt/β-catenin are dysregulated in human carcinomas including pancreatic cancer consequently contributing to tumor development and progression. It has also been shown that several miRNAs appear to possess various essential functions in cancer invasion and metastasis through regulating important signaling pathways. Therefore, the interaction between miRNAs and tumor progression-related signaling pathways in human cancer must be elucidated in detail.
The Notch signaling pathway has been well-documented to be involved in the regulation of numerous cellular process, including cell proliferation, apoptosis, differentiation, invasion and metastasis (64, 65) . The Notch pathway has been reported to play both oncogenic and tumor-suppressor roles in multiple human cancers (66) (67) (68) . In pancreatic cancer, the Notch signaling pathway is frequently deregulated with upregulated expression of Notch receptors and their ligands, and functions as an oncogene during tumor growth and progression (69) . This is thought to be related to the absence of miR-34. As discussed above, in CD44 + /CD133 + MIA-PaCa-2 cancer stem cells with high Notch/Bcl-2 levels, miR-34 restoration significantly inhibits tumor growth and formation in vitro and in vivo. It has also been reported that miR-34 is silent in pancreatic cancer, and restoration of miR-34 expression in pancreatic cancer cell lines MIA-PaCa-2 and Bxpc-3 downregulates the expression of Bcl-2 and Notch1/2, subsequently inhibiting clonogenic cell growth and cell invasion (61) . Recently, Nalls et al (70) reported that upregulation of miR-34a by 5-Aza-dC and HDAC inhibitor vorinostat (SAHA) in pancreatic cancer cells suppressed the The Sonic hedgehog (Shh) pathway is aberrantly activated and plays a decisive role in the development and progression of multiple human cancers (72) . In contrast, the blockage of the hedgehog pathway could inhibit cancer invasion and metastasis in vivo (73) . Increasing evidence supports the possibility that there is an inner link between miRNAs and the hedgehog signaling pathway in human cancers (74, 75) . It was reported that certain miRNAs activate the hedgehog signaling pathway by targeting Smo, Cos2 and Fu in Drosophila, which are antagonistic components of the hedgehog pathway (76) . Moreover, Tsuda et al (77) reported that synthetic Gli-1-miRNA-3548 and its corresponding Duplex-3548 inhibited cell division and stimulated apoptosis of MIA-PaCa-2 cells through targeting of the Gli-1 gene which controls the pathway of Shh signaling; this suggests that Gli-1 inhibition with miRNA may be a potentially novel approach to pancreatic cancer therapy.
Moreover, miRNAs promote pancreatic cancer invasion and metastasis through the regulation of other tumor associated signaling pathways including RAS, TGF-β and NF-κB. For example, ectopic expression of miR-96 inhibited pancreatic cancer invasion and migration with KRAS downregulation in vitro and in vivo, and miR-96 was identified as a core regulator of the KRAS/AKT pathway (78).
These studies suggest that various miRNAs play key roles in multiple signal pathways that are responsible for pancreatic cancer invasion and metastasis, and these miRNAs are essential for the unique metastatic characteristics of pancreatic cancer.
microRNAs and epigenetic alterations
Epigenetic modification such as DNA hypermethylation could have a great impact on the expression of miRNAs, and thus contribute to cancer development and progression. Frequent DNA methylation of cytosine-phospho-guanine (-CpG) island regions adjacent to miR-34a and miR-34b/c, the direct p53 target genes, was observed in various human malignant tumors, including colorectal, prostate and pancreatic cancer, which may mediate cancer cell apoptosis, cell cycle arrest and senescence (79) . Epigenetic silencing of miR-107 contributes to MIA-PaCa-2 and PANC-1 cell growth through regulating the expression of cyclin-dependent kinase 6 (CDK-6), which is a cyclin-D1-dependent kinase facilitating cell cycle progression by regulating the activity of tumor-suppressor protein Rb (80) . In addition, the epigenetic inactivation of miRNAs can be reversed by treatment with the DNA demethylating agent, 5-aza-2,-deoxycytidine (DAC) and the histone deacetylase inhibitor, trichostatin A (TSA) (81). Thus, it is possible that aberrant miRNA epigenetic alterations could also play a vital role in pancreatic cancer invasion and metastasis. Recently, miR-224 and miR-486 were found to be significantly overexpressed with epigenetic alterations in highly invasive and metastatic pancreatic cancer, while protein expression of the cell surface marker CD40, a member of the tumor necrosis factor family related to anti-tumor immune responses, was low (82, 83) . Thus, miRNA-regulated CD40 expression seems to be essential for pancreatic cancer invasion and the process of metastasis (84) .
EP-300 is a group of proteins that function as transcriptional coactivators and are also involved in tumor development and progression (85, 86) . By using 16 human PDAC cell lines in a murine orthotopic PDAC model, Mees et al (87) reported that epigenetic alterations with upregulation of miR-184, miR-200b, miR-200c and miR-429, which target EP300, are likely to cause downregulation of EP300 mRNA and protein expression in highly metastatic PDAC cell lines. The authors also indicated that miRNAs may be able to affect metastatic behavior of pancreatic cancer by modulating the expression of metastasis-related suppressor genes, such as EP-300 (87) .
In summary, the expression of various specific miRNAs functioning as tumor-suppressor genes or oncogenes may be regulated by epigenetic modifications such as DNA methylation, finally contributing to pancreatic cancer progression and metastasis. As previously mentioned, differential expression of miRNAs may affect the EMT process, cancer stem cell properties and specific tumor signaling pathways, which may ultimately modulate cancer invasion and metastasis. Therefore, the epigenetic modification responsible for abnormal expression of miRNAs in pancreatic tumors may be a crucial mechanism contributing to cancer invasion and metastasis (Fig. 2) .
Conclusion
Although knowledge concerning the role of miRNA in the regulation of cancer development and progression has been greatly advanced since the first discovery of miRNA nearly 18 years ago, the details of miRNA-specific molecular pathogenesis of pancreatic cancer still remain to be elucidated. Recent studies suggest that a variety of miRNAs are frequently dysregulated in pancreatic cancer and have a crosstalk with various important biological processes including DNA methylation, the presence of cancer stem cells, the process of EMT and associated signaling pathways, which may be crucial in tumorigenesis and metastasis. Moreover, research concerning the targeting of miRNAs in vitro and in vivo has demonstrated amazing results in altering the features of pancreatic cancer invasion and metastasis. Various related miRNAs affect pancreatic cancer invasion and metastasis through the regulation of the EMT process, cancer stem cell properties, and tumor-associated signaling pathways, while epigenetic modification may be an important mechanism causing dysregulation of miRNA expression. Therefore, detailed exploration of miRNA molecular mechanisms not only contributes to the understanding of the origin of the highly metastatic properties of pancreatic cancer, but may also provide insight for the improvement of the prognosis for this fatal disease. 
